Introduction
============

Magnetic resonance (MR) brain volumetry using T~1~-weighted images (T~1~WIs) is generally conducted with either the voxel-based morphometry method^[@B1]^ or the region-of-interest (ROI) method. The ROI method is further subdivided into the manually traced ROI^[@B2]--[@B4]^ and atlas-based^[@B5],[@B6]^ methods. The manual measurement method is difficult, time-consuming, and susceptible to rater bias, while the atlas-based method employs semi-automated algorithms and is operator-independent.

Because the repeatability of measured results is important in both methods, several recent studies have investigated the repeatability of brain volume measurements.^[@B7]--[@B13]^

A search for studies on repeatability for brain volume evaluation returned 21 review articles^[@B14]--[@B34]^ and 7 original research articles^[@B7]--[@B13]^; however, the static magnetic field in these studies varied from 1 to 4 tesla and we found none that used a low-strength static magnetic field. Therefore, the aim of this study was to investigate the repeatability of measured volumes using the atlas-based method with a low-strength static magnetic field (0.4 tesla).

Materials and Methods
=====================

Subjects
--------

Ten healthy volunteers participated in the study (4 males, 6 females; mean age, 34.4 ± 9.9 years; age range, 22--47 years). Using a 0.4 tesla MR scanner, three-dimensional T~1~WI (3D-T~1~WI) was obtained from each subject, twice serially on the same day, and T~2~WI was obtained from each subject for observation of white matter (WM) lesions. The 3D-T~1~WI and T~2~WI were inspected by a board-certified radiologist, who found none of the following findings in any subject: brain tumor, infarction, hemorrhage, brain atrophy, or WM lesions graded higher than grade 2 of Fazekas's classification.^[@B35]^ The protocol was approved by the ethical committee of our institution. After the study had been explained to each subject, written informed consent was obtained from all participants.

MRI scanning protocol
---------------------

Using a 0.4 tesla scanner (Aperto Lucent, Hitachi) and quadrature head coil, we employed a 3D gradient echo with inversion recovery (3D-GEIR) sequence to obtain 100 contiguous sagittal T~1~-weighted images with a slice thickness of 2.0 mm (reconstruction pitch 1.0 mm), repetition time/echo time = 5.9/2.5 ms, inversion time = 600 ms, flip angle = 12°, field of view = 24 cm, number of excitations = 1, and 256 × 256 pixel matrix.

Image preprocessing and statistical analyses for the atlas-based method
-----------------------------------------------------------------------

We changed only one parameter from the default setting of the VBM8 tool implemented in Statistical Parametric Mapping 8 (SPM8) software (Wellcome Department of Imaging Neuroscience Group, London, UK; <http://www.fil.ion.ucl.ac.uk/spm>): the affine regularization space template from the International Consortium for Brain Mapping was changed from "European brain" to "East Asian brain," as all the subjects in our study were Japanese. The 3D-T~1~WI of the 10 subjects were then processed using VBM8, and the resulting segmented gray matter (GM), WM, and cerebrospinal fluid (CSF) images were normalized into Montreal Neurological Institute (MNI) space.

ROIs were obtained by WFU PickAtlas (Talairach brain atlas theory).^[@B5]^ To enable comparison of the present results with those of a previous report^[@B13]^ that investigated repeatability with a 1.5 tesla scanner, we used the same ROIs as in that study: GM, WM, CSF, hippocampus (HC), orbital gyrus (OG), and cerebellum posterior lobe (CPL). Volume measurements for GM, HC, OG, and CPL were performed using segmented GM images, while those for WM and CSF were performed using segmented WM or CSF images. The content rate of the tissue within each ROI was measured in all segmented images. The percentage change was defined as: $$\text{The}\,\text{percentage}\,\text{change} = 100 \times \frac{\text{measured}\,\text{volume}\,\text{with}\,\text{first}\,\text{segmented}\,\text{image} - \text{mean}\,\text{volume}\,\text{in}\,\text{each}\,\text{subject}}{\text{mean}\,\text{volume}\,\text{in}\,\text{each}\,\text{subject}}$$

The average percentage change was calculated as the percentage changes for GM, WM, CSF, HC, OG, and CPL for the 10 subjects. That is, a low average percentage change denoted high repeatability. The statistical significance of differences between the different ROIs was examined using analysis of variance (ANOVA), and the Tukey--Kramer method was used as a post hoc test with SAS-JMP software (SAS Institute, Cary, North Carolina, USA). The level of statistical significance in both tests was set as *P* \< 0.05.

Image preprocessing and statistical analyses for the VBM method
---------------------------------------------------------------

We also investigated the repeatability of measured volumes with a low-strength static magnetic field (0.4 tesla) using the VBM method, employing the segmented images obtained as described in the previous section (Image preprocessing and statistical analyses for atlas-based method). These segmented images were smoothed with a Gaussian kernel of 8 mm full width at half maximum, which is the default setting of SPM8. For each subject, we defined the mean images as: $$\text{The}\,\text{mean}\,\text{image} = \frac{\text{smoothed}\,\text{segmented}\,\text{images}\,\text{of}\,\text{the}\,\text{first}\, 3\text{D} - \text{T}_{1}\text{WI} + \text{smoothed}\,\text{segmented}\,\text{images}\,\text{of}\,\text{the}\,\text{second}\, 3\text{D} - \text{T}_{1}\text{WI}}{2}$$

And, we defined the percentage change images as: $$\text{The}\,\text{percentage}\,\text{change}\,\text{image} = 100 \times \frac{\text{smoothed}\,\text{segmented}\,\text{images}\,\text{of}\,\text{the}\,\text{first}\, 3\text{D} - \text{T}_{1}\text{WI} - \text{mean}\,\text{images}}{\text{mean}\,\text{images}}$$

We then made repeatability maps (a mean map of the percentage change images of the 10 subjects) for each tissue type (GM, WM, and CSF).

Results
=======

Repeatability using the atlas-based method
------------------------------------------

The average percentage changes using the atlas-based method are shown in [Fig. 1](#F1){ref-type="fig"}. The average percentage changes on each ROI were as follows: GM, 0.556 ± 0.657% (mean value ± standard deviation); WM, 0.324 ± 0.355%; CSF, 0.573 ± 0.742%; HC, 0.645 ± 0.541%; OG, 1.74 ± 1.33%; and CPL, 0.471 ± 0.494%. ANOVA revealed a significant difference in average percentage change for all six regions (*P* \< 0.05). The average percentage change was highest for OG, which indicates that repeatability was relatively low for OG.

Repeatability using the VBM method
----------------------------------

Repeatability maps are shown in [Fig. 2](#F2){ref-type="fig"}. In the repeatability map, superior repeatability is indicated as a low value of the percentage changes in a voxel. High-value areas (maximum values) were found near the skull base in the GM (3.50%), WM (3.16%), and CSF (3.02%) images.

Discussion
==========

We have documented the average percentage changes in GM, WM, CSF, HC, OG, and CPL using the atlas-based method and employing a 0.4 tesla MR scanner. The means of the average percentage change for each ROI were as follows: GM, 0.556%; WM, 0.324%; CSF, 0.573%; HC, 0.645%; OG, 1.74%; and CPL, 0.471%. In a previous report^[@B13]^ that used the atlas-based method and a 1.5 tesla MR scanner, the means of the average percentage change for each ROI were as follows: GM, 0.482%; WM, 0.375%; CSF, 0.731%; HC, 0.864%; OG, 1.69%; and CPL, 0.854%. Other previous reports showed coefficients of variation (100 × standard deviation of the differences/overall mean) of 0.41%, 0.59%, and 1.07% for GM, WM, and CSF, respectively, scanning 10 subjects twice on the same day with a 2 tesla scanner.^[@B36]^ We cannot compare significant differences between the results of the present study and the previous report^[@B13]^ because of differences in study design. However, we consider that the atlas-based method with a 0.4 tesla MR scanner has similar repeatability to that with a 1.5 tesla MR scanner. The present results show that the level of repeatability in the atlas-based method with a 0.4 tesla MR scanner is adequate for the estimation of brain volume change because the repeatability is similar to that obtained with a 1.5 tesla MR scanner. A 1.5 tesla MR scanner is the most common field strength used in previous studies that have estimated brain volume change.^[@B14]--[@B34]^

Image distortion is more severe for a high-strength than a low-strength static magnetic field. The position of the OG near the skull base makes it particularly affected by the magnetic susceptibility of the nasal sinuses, and we therefore expected superior repeatability with 0.4 tesla than with 1.5 tesla for OG. However, the present results show low repeatability for OG with 0.4 tesla compared with other ROIs, similar to the results of a previous report^[@B13]^ with 1.5 tesla. Based on the similarity of the results between 0.4 and 1.5 tesla, we propose that the main cause of low repeatability for OG is misregistration in the spatial normalizing step with VBM8, rather than the magnetic susceptibility of the nasal sinuses.

[Fig. 1](#F1){ref-type="fig"} showed repeatability (average percentage changes) using the atlas-based method, but variety inside ROI was not shown. And we used major ROI for the investigation of repeatability, but other regions also are used by morphometric researchers. We investigated repeatability with voxel-based method because we think that investigation for local area in whole brain is needed for morphometric researchers. The repeatability maps in [Fig. 2](#F2){ref-type="fig"} show that the highest values are found near the skull base in the GM, WM, and CSF images. These results are consistent with those in the section "Repeatability by the atlas-based method." OG shows a high-value area on the repeatability map with the atlas-based method. GM, WM, and CSF with the atlas-based method include high-value areas on the repeatability map, but also include low-value areas. Therefore, the mean within the ROI did not show high values for these regions, compared with OG.

Commonly, a scanner with low-strength static magnetic field have low signal-to-noise ratio (SNR) compared with a high-strength scanner. The previous report^[@B7]^ for the association between brain tissue volumes and effects of changes in SNR showed that SNR in 3D-T~1~WI with 1.5 tesla scanner for VBM is 28.6 ± 2.5. We performed additional measurement for SNR in our images with a method like the previous report. SNR was defined as the mean voxel intensity in the right cerebral subcortical WM ROI divided by the standard deviation of the intensity distribution. As a result, SNR in our images was 26.2 ± 2.9. We obtained 3D-T~1~WI with the scanning protocol that imaging time is about 10 minutes. We employed scanning protocol with longer scan time compared with 1.5 tesla scanner because SNR is an important factor for repeatability in VBM. Longer scan time increases SNR but incidence of artifact from head motion also may increase for extended scan time. Therefore, we think that 2-mm thickness is optimal, because thinner slice leads to lower SNR and thicker slice leads to lower spatial resolution.

The major limitation of the present study is its small sample size. However, we consider that the results of a large sample may show similar trends because the present range of percentage changes with the atlas-based method is similar to that reported previously.^[@B13]^ The second limitation is that we cannot compare accuracy between 0.4 and 1.5 tesla field strengths because there is no gold standard for brain volumetry. The third limitation is that we cannot show the result for subject with cortex atrophy. To confirm whether 0.4 tesla scanners are suitable for brain volumetry, it would be necessary to compare detectability between 0.4 and 1.5 tesla in a future study.

Conclusion
==========

To our knowledge, this is the first report to show that the level of repeatability obtained with the atlas-based method using a 0.4 tesla MR scanner is adequate for estimation of brain volume change.
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![Repeatability with the atlas-based method. The percentage changes in each ROI are shown with the box plot. The box plot shows median, maximum, and minimum value below inner fence, first and third quartile, and outliers. Analysis of variance revealed a significant difference in average percentage change for all six regions (*P* \< 0.05). In addition, the Tukey--Kramer method revealed significant difference (*P* \< 0.05) for OG vs. GM, vs. WM, vs. CSF, vs. HC, and vs. CPL. The percentage change value was larger for OG than for all the other ROIs. CPL, cerebellum posterior lobe; CSF, cerebrospinal fluid; GM, gray matter; HC, hippocampus; OG, orbital gyrus; ROI, region-of-interest; WM, white matter.](mrms-15-365-g1){#F1}

![The repeatability map for the voxel-based morphometry method. The repeatability maps are superimposed on the template image for each tissue (gray matter, white matter, and cerebrospinal fluid) processed with SPM8. The color bar (top left) indicates the percentage change. R and L are the right and left sides of the subjects, respectively. High-value areas (maximum values) were found near the skull base in the gray matter (3.50%), white matter (3.16%), and cerebrospinal fluid (3.02%) images.](mrms-15-365-g2){#F2}
